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ABSTRACT
Mitochondria are important regulators of tumour growth and progression due to their specific role in
cancermetabolism andmodulation of apoptotic pathways. In this paperwe describe thatmitochondria-
targeted antioxidant SkQ1 designed as a conjugate of decyl-triphenylphosphonium cation (TPP+) with
plastoquinone, suppressed the growth of fibrosarcoma HT1080 and rhabdomyosarcoma RD tumour
cells in culture and tumour growth of RD in xenograft nude mouse model. Under the same conditions,
no detrimental effect of SkQ1 on cell growth of primary human subcutaneous fibroblasts was observed.
The tumour growth suppression was shown to be a result of the antioxidant action of low nanomolar
concentrations of SkQ1. We have revealed significant prolongation of mitosis induced by SkQ1 in both
tumour cell cultures. Prolongedmitosis and apoptosis could be responsible for growth suppression after
SkQ1 treatment in RD cells. Growth suppression in HT1080 cells was accompanied by the delay of
telophase and cytokinesis, followed bymultinuclear cells formation. The effects of SkQ1 on the cell cycle
were proved to be at least partially mediated by inactivation of Aurora family kinases.

Abbreviations: TPP+: Triphenylphosphonium cation; ROS: Reactive oxygen species;
mtROS: Mitochondrial reactive oxygen species; NAC: N-acetyl-L-cysteine; DCFH-DA:
Dichlorodihydrofluorescein diacetate; APC: Anaphase promoting complex; ABPs: Actin-bind-
ing proteins; DMEM: Dulbecco’s modified Eagle media; SDS: sodium dodecyl sulfate; HEPES: 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid
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Introduction

The reactive oxygen species (ROS) are known to
affect signaling pathways mediating cell division,
differentiation, migration and cell death.
Mitochondria are playing essential roles in ROS
production and regulation of signal transduction
[1]. The role of ROS and redox homeostasis in
tumor progression is controversial. Cancer cells
are often characterized by elevated level of ROS
and an altered redox potential compared to nor-
mal cells [2]. ROS production stimulates cell pro-
liferation, motility, and pro-survival signaling
pathways contributing to tumorigenesis. On the
other hand, ROS are involved in the antitumor
defense via control of apoptosis and cellular
senescence.

Mitochondria are important regulators of tumor
growth and progression due to their specific role
in cancer metabolism and modulation of apoptotic
pathways. Mitochondrial-targeted agents have
emerged as promising pharmacological alterna-
tives for cancer therapy [3]. An attachment of
alkyl-triphenylphosphonium cation (TPP+) to dif-
ferent drugs has become a well-established
approach to obtain mitochondria-targeted agents.
Significant number of alkyl-TPP+ conjugates has
been studied for anticancer therapy [3].
Delocalized lipophilic cations (such as alkyl-TPP+

derivatives) electrophoretically accumulate in
mitochondria of cancer cells, since these cells exhi-
bit a considerably higher mitochondrial membrane
potential than non-transformed cells [4].
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Reactive oxygen species produced bymitochondria
(mtROS) could be of special importance for pro-
tumorigenic signaling [5]. Several mitochondria-tar-
geted antioxidants designed as conjugates of decyl-
TPP+ with plastoquinone (SkQ1) [6–8], decyl-TPP+

with thymoquinone (SkQT1) [9], decyl-TPP+ with
coenzyme Q10 (MitoQ) [10], nitroxides (Mito-CP)
[11] or a vitamin E analog (Mito-chromanol) [12],
inhibited the tumor cell proliferation in vitro and the
growth of tumor xenografts in vivo. Antitumor effect
of MitoQ, Mito-CP and Mito-chromanol used in
these studies at high concentrations was mediated
primarily by prooxidant action of these compounds.
We used low nanomolar concentrations of mitochon-
dria-targeted antioxidant SkQ1 that decreasedmtROS
to study whether a suppression of tumor growth
could be a result of the antioxidative SkQ1 action.

We evaluated the contribution of mtROS in cell
cycle regulation of fibrosarcoma and rhabdomyosar-
coma cells targeting their mitochondria with antiox-
idant SkQ1. We showed for the first time that
scavenging of mtROS with SkQ1 inhibited the growth
of tumorHT1080 andRD cells in vitro and the growth
of RD tumor xenografts in vivo.

Results

SkQ1 treatment changed actin cytoskeleton
organization in sarcoma HT1080

In human cells non-muscle actin exists as two protein
isoforms: β- and γ-actin [13]. Cytoplasmic actins are
organized in different cytoskeletal structures and
responsible for distinct cell functions. β-Actin is con-
nected to contraction, motility and adhesion, whereas
γ-actin is predominantly organized in cortical and
lamellar networks essential for cell shapemaintenance
and cell motility [14,15].

Morphology of HT1080 fibrosarcoma cells is
heterogeneous. In most HT1080 cells β-actin
formed blebbs and raffles at the cell perimeter,
that indicated the instability of the cell edge.
Apical γ-actin network clearly identified cortical
structures and edge ruffles (Figure 1). Cultivation
of these cells with SkQ1 induced reorganization of
actin cytoskeleton of HT1080 as well as RD cells.
SkQ1 stimulated formation of β-actin stress fibers
in the center and along the perimeter of cells,
decreased β-actin cytoplasm staining in the

periphery, which could lead to stabilization of the
cell edge. Dense γ-actin network and bundles espe-
cially pronounced at the periphery of HT1080 cells
were identified after SkQ1 treatment (Figure 1).

In human non-muscle cells γ-actin is organized
in cortical and lamellar networks, participating in
raffles and lamellipodia formation. We used γ-
actin immunostaining to identify changes in cell
area and morphology in the presence of SkQ1.
HT1080 cells became more spread as a result of
incubation with SkQ1: the average occupied area
of control cells was 698 ± 106 μm2, area of cells
treated with SkQ1 (40 nM, 72 hours) was
1615 ± 175 μm2 (p < 0.05; only mononuclear
cells were measured).

Antioxidants NAC (1mM) and Trolox (100µM)
induced similar actin network reorganization in
HT1080 cells (data not shown).

SkQ1 suppressed proliferation of HT1080 and RD
cells

SkQ1 significantly inhibited the growth of HT1080
and RD cell cultures (Figure 2A, 2B). Death of
HT1080 cells was not pronounced, while the
population of apoptotic cells in RD could be
visually observed and detected with FACS analysis
(see next section).

C12TPP, a molecule structurally related to SkQ1
but without antioxidant (plastoquinone) group, did
not influence proliferation and ploidy of HT1080
and RD cells (Figure 2A, 2B). Antioxidants NAC
(1mM) and Trolox (0.1mM) also suppressed the
growth of RD cells (Supplemental Figure 1A).
Uncoupler FCCP is known to dissipate mitochon-
drial membrane potential and therefore prevent
accumulation of SkQ1 in mitochondria [16]. In our
study FCCP (5µM) prevented SkQ1-induced growth
inhibition of RD cells (Supplemental Figure 1A) sup-
porting the conclusion on the critical role of mito-
chondrial ROS in proliferation of RD cells. These
data stimulated the further studies of SkQ1 effect on
the cell cycle parameters.

SkQ1 enhanced population of multinucleated
cells in HT1080 and RD cultures (Figure 2C).
Amount of multinucleated cells (predominantly
binuclear for HT1080) increased more than 10-
fold after incubation with SkQ1 (Figure 2D, 2E).
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This might be explained assuming that SkQ1
induces some dramatic changes in mitosis.

SkQ1 induced changes in cell cycle of HT1080
cells

Flow cytometry analysis revealed that SkQ1 treat-
ment entailed a decrease in G1 cell (2n) popula-
tion (Student t-test, р < 0.01) and significantly
increased 4n population (Student t-test, р < 0.01)
of HT1080 cells (Figure 3A, 3B). Population of 4n
cells may correspond to G2/M stage or to the
presence of polyploid cells. We estimated the
number of mitoses in the human fibrosarcoma
HT1080 cells after SkQ1 treatment.

In RD cells SkQ1 induced significant (more
than three-fold) increase of apoptotic cell popula-
tion (Student t-test, р < 0.01). (Figure 3C).
Apoptosis play a critical role in suppression of
RD growth since pan-caspase inhibitor zVAD-

fmk and inhibitor of executive caspase DEVD-
fmk (data not shown) restored viability of cell
population in the presence of SkQ1
(Supplemental Figure 1B). Apoptosis of RD cells
induced by SkQ1 (40 nM) was not related to
possible prooxidant action of SkQ1. Antioxidant
action of SkQ1 was confirmed using dichlorodihy-
drofluorescein diacetate (DCFH-DA) staining and
flow cytometric analysis. We demonstrated that
scavenging of mtROS with SkQ1 resulted in down-
regulation of intracellular hydrogen peroxide in
RD cells (41.2 ± 7.4% decrease after incubation
with SkQ1 as compared with control cells, mean
± SEM, p < 0.01). Moreover, non-targeted antiox-
idants NAC (1mM) and Trolox (0.1 mM) also
suppressed viability of RD cells (Supplemental
Figure 1A).

Cell cycle of primary human subcutaneous
fibroblasts was not affected by SkQ1 treatment
(Figure 3D). This is probably correlates with the

Figure 1. SkQ1 induced changes in cell morphology and actin organization in НТ1080. β-actin and γ-actin staining in the
control and SkQ1-treated (40 nM,72 hours) HT1080 cells; immunofluorescence microscopy, scale bar 10 μm.
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lack of a noticeable decrease in the ROS level in
fibroblasts after SkQ1 treatment [17].

SkQ1 suppressed mitosis in HT1080 cells

Immunofluorescence analysis revealed a decrease of
the mitotic cells number in SkQ1-treated HT1080
cells (Figure 4A). The rate of mitoses in partially
synchronized by serum deprivation HT1080 cells
(Materials and Methods, “Cell synchronization” for
details) was found to decrease more than 3-fold after
incubation with SkQ1 (42 h). The same effect was
observed after 90 hours (Figure 4B).

Thus, we concluded that increase of 4n popula-
tion in the presence of SkQ1 was a result of the
polyploidy, but not of the possible rise of mitotic
cell amount.

SkQ1 induced prolonged mitosis in HT1080 and
RD cells

In the next series of experiments, HT1080 and RD
cells were studied using life time-lapse microscopy
to analyze the composition of 4n population
revealed by flow cytometry.

In control HT1080 cells we detected population
of cells with delay in mitosis at telophase/cytokin-
esis stages and asymmetrical in shape (we named it
“prolonged mitosis” hereafter). The daughter cells
markedly differed in size and shape with numer-
ous active pseudopodia and blebs.

In all dividing cells the length of mitotic phases,
in particular telophase/cytokinesis, was found to
increase after incubation with SkQ1. Telophase/
cytokinesis duration in control cells with normal
cell division was 37.9 ± 3.3 min, in cells with

Figure 2. SkQ1 suppressed proliferation and increased population of multinucleated cells in HT1080 and RD. A. SkQ1
(20 nM, 40 nM) inhibited proliferation of HT1080 cells compared to control and C12TPP (40 nM); statistical analysis of phase contrast
microscopy. B. SkQ1 (20 nM, 40 nM) inhibited proliferation of RD cells compared to control and C12TPP (40 nM); statistical analysis of
phase contrast microscopy. C. Multinucleated HT1080 cells after incubation with SkQ1 (20 nM, 48 hours); green – β-actin, blue –
DNA; immunofluorescence microscopy, scale bar 10μm. D. SkQ1 (20 nM, 40 nM, 48 hours) increased population of multinucleated
cells in HT1080; statistical analysis of immunofluorescence microscopy. Student t-test, (**) for p < 0.01, (***) for p < 0.001. E. An
enhancement of multinucleated cells’ population in RD after SkQ1 (20 nM, 40 nM, 72 hours) treatment; statistical analysis of
immunofluorescence microscopy. Student t-test, (**) for p < 0.01, (***) for p < 0.001.
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prolonged mitosis was 169.3 ± 6.2 min. Treatment
with SkQ1 increased telophase/cytokinesis duration
more than twice in both normal and prolonged
mitosis cell population. Duration of prophase and
metaphase was also increased more than 1,5 times as
a result of SkQ1 treatment (Figure 4C, 4D).

Dynamic observations revealed that SkQ1 lead
to significant increase of prolonged mitoses per-
centage in HT1080 cells. Proportion of prolonged
mitoses in cells incubated with SkQ1 was
60.9 ± 18.9% compared with 7.3 ± 3.0% in control
cells (Figure 4E).

Immunofluorescent microscopy of HT1080 cells
revealed that SkQ1 changed the distribution of
dividing cells over mitotic phases (Figure 4F).
SkQ1 treatment caused 4,5-fold increase in the
number of asymmetrical in shape mitotic cells with

prolonged telophase/cytokinesis and about 2 times
decrease in the number of normal mitotic cells.

Time-lapse microscopy of RD cells indicated sig-
nificant increase in the telophase/cytokinesis dura-
tion in the presence of SkQ1: it was 27.2 ± 2.0 min
in control, and 193.8 ± 10.5 min after incubation
with SkQ1 (40 nM, 24 hours). SkQ1 induced the
appearance of cells with apoptotic features. This cell
population included some mitotic cells with pro-
longed telophase/cytokinesis, suggesting a mitotic
catastrophe in RD cells after SkQ1 treatment.

These data indicated a significant increase in
mitosis duration induced by SkQ1 in HT1080
and RD tumor cells. Prolongation in prophase
and metaphase, telophase/cytokinesis delay of
mitotic tumor cells after incubation with SkQ1
were revealed. This effect of SkQ1 on mitotic

Figure 3. SkQ1 induced cell cycle changes in НТ1080 and RD. A. Cell cycle analysis of the control and SkQ1-treated HT1080 cells
(10 nM, 20 nM, 40 nM, 24 hours). Statistically significant difference of data by Student t-test was demonstrated for G1 and G2/M
periods after 20 nM (р < 0.05) and 40 nM (р < 0.01) SkQ1 treatment as compared with control. B. Cell cycle analysis of control and
SkQ1-treated HT1080 cells (40 nM, 96 hours). Statistically significant difference of data by Student t-test (р < 0.01) was demonstrated
for G1 and G2/M periods C. SkQ1 increased apoptotic, < 2n (р < 0.01) and decreased G1 (р < 0.05) cell populations in RD. D. Cell
cycle analysis of control and SkQ1-treated (24 hours) HSCF cells. Flow cytometry analysis after staining with propidium iodide. Data
are mean ± SEM.
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cells could be responsible for the growth
decrease of neoplastically transformed cells.

SKQ1 decreased tumor growth of RD cells in
xenograft nude mouse model

Subcutaneous RD tumours in xenograft nude
mouse model grew slower with SkQ1 compared
to control. SkQ1 reduced the mass and volume of

10-day tumours; 20-day tumours were 2 times
smaller in volume in animals receiving SkQ1
than in control group (Figure 5A, 5B).

SkQ1 changed distribution and expression of cell
cycle regulators in HT1080 and RD cells

Dynamic observations of mitosis delay in HT1080
cells indicated the possible effects of SkQ1 on

Figure 4. SkQ1 induced changes in number and characteristics of mitosis in HT1080 cells. A. Reduction of mitotic cell
population by SkQ1 (40 nM C12ТРР, 40 nM SkQ1, 24 and 96 hours). B. SkQ1 (40 nM, 42 and 90 hours) diminished mitotic cell
population in partially synchronized by serum deprivation cell culture. C. SkQ1 (40 nM, 72 hours) induced changes in phase duration
of morphologically normal mitoses (P – prophase, М – metaphase, А – anaphase, Т – telophase). D. SkQ1 (40 nM, 72 hours) induced
changes in phase duration of prolonged mitoses. E. SkQ1 (20 nM, 72 hours) caused prolonged mitoses in mitotic cell population. F.
SkQ1 (40 nM, 24 hours) induced changes in distribution of dividing cells over mitotic phases (nТ – normal telophase, aT –
asymmetrical in shape telophase).

1802 E. TITOVA ET AL.



anaphase promoting complex (APC). Activated
APC regulates cell transition from metaphase to
anaphase and is responsible for the final events in
mitosis through the inactivation of cyclin-depen-
dent kinases. At the end of mitotic division APC
regulates ubiquitination of Aurora family kinases
and completes cytokinesis process [18,19]. In the
next experiments localization, amount and activity
of Auroras A, B, and C in HT1080 cells were
studied and compared with SkQ1-treated cells.

We used immunofluorescence microscopy
(Figure 6A) and super-resolution SIM microscopy
(Figure 7) to reveal the distribution of Aurora B
kinase in mitotic cells with or without SkQ1. In
metaphase of control HT1080 cells Aurora B had
diffuse distribution in chromosome area. SkQ1
treatment stimulated localization of Aurora B as
compact, dotted structures in chromosome region
(Figure 6A). In anaphase of both control and
experimental cells Aurora B was localized in the
equatorial region (data not shown). In the stage of
telophase/cytokinesis Aurora B formed point
structures in the furrow area in both control and
SkQ1-treated cells (Figure 6A). We observed a
decrease in fluorescence intensity of Aurora B as
a result of incubation with SkQ1 (Figure 6B).
Especially noticeable difference of Aurora B
immunofluorescence was observed at metaphase
and telophase/cytokinesis stages (Figure 6, 7).

We used western blotting assay to analyze the
active phosphorylated state of Aurora family
kinases. Сolcemide (0.02 μg/ml) was used to
achieve the enrichment of cell culture by mitotic

fraction, as Auroras are used during mitosis
mainly. As a result of colcemide incubation, the
level of phosphorylated Aurora A/B/C was quite
high in the synchronized HT1080 cells. SkQ1
treatment significantly decreased amount of phos-
phorylated Aurora A/B/C in partially synchro-
nized HT1080 cells (Figure 6D). The rate of
mitotic cells in control and SkQ1-treated (24h)
synchronized cells proved to be similar
(Figure 6C). The amount of Aurora B protein
decreased in the both unsynchronized and syn-
chronized RD cells after SkQ1 treatment
(Supplemental Figure 1E).

Inhibition of Aurora B results in down-regula-
tion of E2F-mediated transcription and cell cycle
arrest which depends on p53 and retinoblastoma
protein (Rb) tumour suppressor pathways [20].
The Rb pathway has well characterized roles in
the regulation of S phase entry, but it also regulates
the later stages of the cell cycle and apoptosis.
SkQ1 reduced the amount of phosphorylated Rb
in the synchronized HT1080 cells (Figure 6D),
whereas the total Rb amount remained unchanged
(data not shown).

Discussion

We have demonstrated that SkQ1 treatment inhib-
ited the growth of fibrosarcoma and rhabdomyo-
sarcoma cells. Previously we have shown
inhibition of cell proliferation induced by SkQ1
in other tumour cultures [6,7]. Growth suppres-
sion in HT1080 cells was accompanied by

Figure 5. SkQ1 effected tumour growth of RD cells in xenograft nude mouse model. A. SkQ1 (250 nM/kg, once every 2 days,
20 days after tumour grafting) downregulated the weight of subcutaneous tumours in xenograft nude mouse model. B. SkQ1
(250 nM/kg, once every 2 days) downregulated volume of subcutaneous tumours in xenograft nude mouse model, p < 0.05.
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Figure 6. SkQ1 influenced the distribution and activation of Aurora family kinases and Rb in НТ1080 cells. A. Aurora B
distribution in the mitotic HT1080 cells after SkQ1 (40 nM, 24 h) treatment; blue – DNA, red – Aurora B; immunofluorescence
microscopy. B. Measurements of Aurora B fluorescence intensity in the mitotic НТ1080 cells (М – Metaphase, Т – Telophase/
Cytokinesis), SkQ1 (40 nM, 24 h), average fluorescence intensity/100 µm2 ± SEM. C. SkQ1 (40 nM, 24 h) didn’t induce changes in
mitotic cells number in HT1080 cells after colcemide (0.02 µg/ml, 24 h) treatment. D. Phospho-Auroras A, B, C and phospho-Rb
(Ser807/811) in НТ1080 after colcemide (0.02 µg/ml, 24 h) and SkQ1 (100 nM, 24 h) treatment.
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decreased number of mitoses and multinucleation,
that indicated problems with mitosis exit. In RD
cells we identified increased apoptosis that could
be responsible for growth inhibition after SkQ1
treatment. Lipophilic cation C12TPP without plas-
toquinolyl residue did not influence proliferation
and ploidy of HT1080 and RD cells. Non-targeted
antioxidant NAC (1 mM) had similar growth inhi-
bition action on HT1080 and RD cells. SkQ1 had
no detrimental effect on normal human subcuta-
neous diploid fibroblasts growth.

In addition to the growth inhibition, mitochon-
dria-targeted antioxidant SkQ1 induced dramatic
changes in the morphology of HT1080 tumour

cells. Cytoplasmic β- and γ-actin cytoskeleton
rearrangement was accompanied by cell area
enlargement.

The isoform-specific actin cytoskeleton reorga-
nization regulates distinct cell cycle perturbations
due to interplay between cytoplasmic actins, MAP-
kinases and other cell cycle regulators [15]. The
relative abundance and organization of cytoplas-
mic β- and γ-actins are changed during cell trans-
formation and tumour progression [7,21].
Moreover, cytoplasmic β-actin acts as a tumour
suppressor, inhibiting cell growth and invasion in
vitro and tumour growth in vivo. In contrast, γ-
actin increases the oncogenic potential via ERK1/

Figure 7. The effect of SkQ1 on distribution of Aurora B kinase in the dividing НТ1080 cells. Aurora B distribution in mitotic
HT1080 cells after SkQ1 (40 nM, 24 h) treatment; red – Aurora B, green – a-tubulin, blue – DNA; super-resolution microscopy 3D-SIM.
Images represent maximal-intensity projections, scale bar 5 µm.
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2, actin-binding proteins (ABPs) and some other
regulatory proteins [15].

In contrast to proliferation, previously it was
shown that incubation of normal human subcuta-
neous diploid fibroblasts with SkQ1 induced similar
changes in cell morphology and actin cytoskeleton
organization [17]. These data indicated activation of
the Rho-ROCK pathway by SkQ1, whereas the
mechanism of ROS-induced inhibition of Rho in
RAS-transformed fibroblasts was described [22].
Fibroblasts transfected with a construct containing
N-RAS had more transformed phenotype compared
with the non-transfected parent cells [23].
Transformation of p53-/- mouse fibroblasts by onco-
gene N-RAS caused strong decrease in cell area,
induced dissipation of actin stress fibers and related
vinculin-positive focal adhesions. Treatment of the
RAS-transformed fibroblasts with SkQ1 caused
restoration of actin stress fibers, focal adhesion con-
tacts, and enlargement of cell area [6]. Tumour phe-
notype of human fibrosarcomaHT1080 cells is caused
by activated N-RAS oncogene [24]. Activated RAS
increases intracellular ROS [25,26]. We conclude
that scavenging of mitochondrial ROS by SkQ1
induced Rho-dependent reorganization of actin
cytoskeleton in HT1080 cells. An antioxidant NAC
induces similar morphology changes and normaliza-
tion of cell motility inRAS-transformed fibroblasts via
modulation of Rac1, Rho, and cofilin activity [27].

To examine whether HT1080 and RD cells pro-
gressed through mitosis in a regular fashion, we
scored the dividing cells according to their phases
in mitosis (prophase, metaphase, anaphase or tel-
ophase) and cytokinesis. We revealed prolongation
mitosis and cytokinesis after incubation with
SkQ1. SkQ1 dramatically increased the number
of asymmetrical in shape mitotic cells with pro-
longed telophase/cytokinesis and decreased the
number of normal mitotic cells. In RD population
of cells with morphological features of apoptosis
was indicated after SkQ1 treatment. Enhancement
of apoptosis in RD cells was not the result of
oxidative action inherent in SkQ1 at higher con-
centrations [8], which was confirmed with DCFH-
DA and flow cytometry analysis.

We examined localization, amount and activity
of Aurora family kinases responsible for the mito-
sis and cytokinesis progression. Aurora kinases are
represented by three protein isoforms (A, B and C)

which are considered to be a perspective molecular
targets for cancer therapy [28]. Increased expres-
sion of Aurora A and B leads to genetic instability
and tumour progression [29], the role of Aurora C
is poorly understood. SkQ1 reduced the phosphor-
ylation of all three Aurora family kinases, thereby
apparently suppressed their activity.

Aurora A regulates cell entry into mitosis, con-
trols centrosome maturation, duplication, separa-
tion and spindle assembly in mitosis [30]. Low
Aurora A activity causes mitotic arrest at the G2/
M stage and spindle disassembly [31]. A delay of
pro- and metaphase in mitotic HT1080 cells could
be a result of decreased activity of Aurora A kinase
induced by SkQ1.

Cytokinesis is a final stage of cell division and
precise event for daughter cell separation after
chromosome separation. Population of the multi-
nucleated HT1080 cells could be a result of
incomplete cytokinesis. Cytokinesis is regulated
by several protein kinases, such as Aurora-B and
Rho-kinase/ROCK. Aurora-B functions in both
early and late mitotic events, chromosome segre-
gation/condensation, and cytokinesis. Aurora-B
and Rho-kinase/ROCK regulate the progression
of cytokinesis without communicating to each
other at the cleavage furrow [32]. Suppression
of Aurora-B by siRNA or inhibitor causes multi-
nucleation [33] as well as Rho-kinase/ROCK
depletion, the effect of double depletion was
additive [32]. Inhibition of Aurora B kinase
activity in breast cancer cells causes polyploidy,
apoptosis and mitotic catastrophe, and efficiently
suppresses the tumour growth in a xenograft
model [34]. We observed a decrease of Aurora
B kinase and active phosphorylated Aurora A/B/
C proteins after SkQ1 treatment. Aurora-B
kinase could be responsible for HT1080 multi-
nucleation and growth suppression, as we pro-
posed that scavenging of mitochondrial ROS
with SkQ1 induced Rho signaling in HT1080
cells.

Aurora C is expressed in germ cells, playing a
role in meiosis analogous to Aurora B in mitosis
[35]. Aurora C contributes to breast cancer cell
transformation, but its role in carcinogenesis is
still unclear [36]. Our data confirms the regulatory
function of Aurora C in mitosis of cells with
activated N-RAS oncogene.
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SkQ1 reduced the amount of phosphorylated
retinoblastoma protein Rb in synchronized
HT1080 and RD cells. Rb plays important roles
in the regulation of cell proliferation, differentia-
tion, senescence, and apoptotic cell death. The role
of Rb in tumour progression is controversial, as it
acts as inhibitor of both cell growth and cell death.

Rb plays a central role in the inhibition of cell
proliferation, so tumour development often
involves Rb inactivation [37]. Rb is known to be
inactivated by different mechanisms, including
phosphorylation and degradation. Most sporadic
human cancers inactivate Rb function by exploit-
ing pathways that regulate Rb phosphorylation
[37]. Consequently, active proliferation of
HT1080 cells may be induced by phosphoryla-
tion-dependent Rb inactivation. SkQ1 significantly
decreased the amount of phosphorylated Rb in
synchronized HT1080 cells and thereby downre-
gulated proliferation.

We propose that in both studied cell cultures
SkQ1 induced mitotic catastrophe via distinct sig-
naling pathways. Mitotic catastrophe is an oncosup-
pressive mechanism that senses mitotic failure
leading to cell death or senescence. Following a
prolonged mitotic arrest, cells either die in mitosis
via apoptosis, or exit mitosis without dividing and
survive, a process known as mitotic slippage [38]. It
protects against aneuploidy and genetic instability,
and its induction in cancer cells by exogenous agents
can be a promising therapeutic end point [39].

Summarizing, SkQ1 was found to inhibit the
growth of tumour HT1080 and RD cells. The
cytostatic SkQ1 effect was at least in part caused
by decreased activity of Aurora family kinases.

Materials and methods

Cells

HT1080 (ATCC#CCL-121) human fibrosarcoma
cell line with a single endogenous mutant N-RAS
allele [40], RD (ATCC#CCL-136) human rhabdo-
myosarcoma cell line [41] and HSCF (primary
human subcutaneous diploid fibroblasts from cell
culture collection, Institute of Medical Genetics,
Russian Academy of Sciences, Moscow) were
used. The cells were maintained in DMEM
(Dulbecco’s Modified Eagle’s Medium, Gibco)

supplemented with 10% FBS (HyClone) and
5 mM of glutamic acid (PanEco) at 37°C in the
air atmosphere containing 5% CO2.

Chemicals

SkQ1 [10-(6'-plastoquinonyl) decyltriphenylpho-
sphonium] is a conjugate of decyl-TPP+ with the
plant electron carrier and antioxidant plastoqui-
none [16]. C12TPP is a structurally related to
SkQ1 molecule lacking quinone moiety. NAC
(Sigma) was used in concentration 1 mM. 20 µM
of caspase inhibitors DEVD (Sigma) and zVAD-
fmk (Sigma) were used for 24 hours. 5 µM FCCP
[carbonyl cyanide p-trifluoromethoxyphenylhy-
drazone] (Sigma) was used. Colcemide (Sigma)
0,02 – 0,8 µg/ml was used (Supplemental Figure
1C, 1D).

Cell culture growth rate

The cells were seeded into Petri dishes and cell
count was performed each day using phase con-
trast microscopy on Axioplan (Zeiss) microscope
with 20х/0.50 Plan-Neofluar lenses. At least 20
view fields were analyzed.

Cell cycle analysis

After 24–96 hours of incubation the cells were
collected for cell cycle analysis. Cells were har-
vested, washed with PBS and fixed with ice-cold
80% ethanol (1:2), incubated overnight at 4°C and
stored at 4°C until analyzed by flow cytometry.
Briefly, the cells were spun down to remove the
ethanol, washed with PBS and stained with 30 µg/
ml Propidium Iodide (MP Biomedicals, France)
and 10 ng/ml RNase A (Fermentas, Lithuania) in
PBS for 45 min at 37°C in the dark. At least 20,000
of cells per sample were analyzed using Beckman
Coulter Cytomics FC500 flow cytometer.

Measurement of intracellular ROS

For the intracellular ROS measurement RD cells
were incubated in serum-free DMEM medium
with 1.8 µM DCFH-DA (2´,7´- dichlorodihydro-
fluorescein diacetate, Invitrogen) for 10 minutes at
37°C in the dark. After the oxidation by ROS,
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dichlorodihydrofluorescein is transformed to the
highly fluorescent dichlorofluorescin (DCF). Then
cells were detached with the trypsin-EDTA solu-
tion and ROS accumulation was measured by flow
cytometry with Beckman Coulter Cytomics FC500.

Cell synchronization

We used two cell synchronization methods. (1)
The cells were incubated in the serum-free med-
ium for 24 hours to enrich the cultures with mito-
sis without chemical treatment. The cells were
passaged after 24 hours of serum deprivation and
incubated in fresh medium containing serum for
13–24 hours before analysis. (2) We also used
0.02 µg/ml of colcemide to enrich the cultures
with mitosis. The cells were passaged and after
3 hours we added colcemide to the medium for
24 hours. The cells were then rinsed once with
fresh medium and then incubated in fresh med-
ium for 1 hour.

Antibodies

The following antibodies were used: mouse mono-
clonal antibodies against cytoplasmic β-actin
(µA5775GA, AbD Serotec), γ-actin (µA5776GA,
AbD Serotec), α-tubulin (Cell Signaling), α-tubulin
(clone DM1A, Sigma), Rb (Cell Signaling), rabbit
antibodies against Aurora B (Cell Signaling), phos-
pho-Auroras A/B/C (Cell Signaling), phospho-Rb
(Ser795) (Cell Signaling), phospho-Rb (Ser 807/
811) (Cell Signaling), CENP-A (Cell Signaling).
The following secondary antibodies were used:
AlexaFluor488-, AlexaFluor594-, goat anti-mouse
IgG1, IgG2b, IgG and goat anti-rabbit IgG
(Jackson ImmunoResearch Laboratories. Inc).

Immunofluorescence and structured illumination
microscopy

For immunofluorescent staining the cells were
cultivated on cover glasses and washed with
DMEM containing 20 mM HEPES at 37°C. Cells
were fixed for 15 min with 1,5% paraformaldehyde
on a serum-free DMEM (with 20 mM HEPES) at
room temperature. Then the cells were extracted
and fixed with cold MeOH at −20°С for 5 min (for
antibodies staining) or permeabilized with 0.1%

triton X-100 in PBS containing 0.5 mM CaCl2
and 3 mM MgCl2 for 3 min at room temperature
(for DAPI and phalloidin staining). DAPI (Sigma)
was applied for nuclear staining. Total F-actin was
stained with rhodamine-conjugated phalloidin
(Sigma). Immunofluorescence was observed using
Axioplan microscope (Zeiss) with 40×/0.75 and
63х/1,25 Plan-Neofluar lenses with oil immersion.

DAPI and rhodamine-conjugated phalloidin
staining were used to analyze mitotic rate and
evaluate the number of cells on different mitotic
stages (500 cells/per condition, three independent
experiments).

Fluorescence intensity of Aurora B was mea-
sured with Image J 1,37C (NIH, http://rsb.info.
nih.gov/ij/) software in square of 100 µm2 in the
cell area, where the protein was localized. For each
experimental condition at least 30 fields of view
were examined.

Structured illumination microscopy (3D-SIM)
was performed using a Nikon N-SIM (Nikon) with
100x/1.49 NA oil immersion objective, 488 nm and
561 nm diode laser excitation. Image stacks (z-steps
of 0.12μm) were acquired with EµCD camera (iXon
897, Andor, effective pixel size 60 nm). Serial optical
sections of the same cell taken in wide-field mode
were deconvolved using the AutoQuant blind
deconvolution algorithm. Image acquisition, SIM
image reconstruction and data alignment were pre-
formed using NIS-Elements 4.2 software (Nikon).

Live cells imaging

The cells were cultivated on cover glasses in glass
chambers for 24 hours before monitoring. The
cells were analyzed with phase contrast using
Opton microscope and 40х/1,0 Planapo lens with
oil immersion. Time-lapse video imaging (slowing
down 120 times) with Hamamatsu C2400-01 cam-
era was used for dynamic observations. Studio
Launcher software was used for image processing.
At least 30 mitotic cells were analyzed for each
experimental condition to calculate duration of
mitotic phases.

Western blot analysis

Cells were extracted with cold sample buffer
(62.5mM Tris-HCl, pH 6.8, 2% sodium dodecyl
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sulfate (SDS), 10% glycerin, 50 mM dithiothreitol,
0.01% bromophenol blue). Lysates were separated
in 10% SDS polyacrylamide gel and transferred
onto polyvinylidene fluoride membrane
(Amersham GE Healthcare). After blocking the
nonspecific binding by bovine serum albumin,
the membranes were incubated with specific anti-
bodies. We used α-tubulin as a loading control.
The membranes were incubated with secondary
antibodies bound with horseradish peroxidase
(Amersham GE Healthcare). The membranes
were developed using the chemiluminescence
technique with ECL reagents (Amersham GE
Healthcare) according to producer’s protocol.
The resulting films were scanned or produced
with ChemiDoc MP (BioRad) and analyzed densi-
tometrically with ImageJ 1,37C (NIH, http://rsb.
info.nih.gov/ij/) and Image Lab (BioRad) software.

Xenograft model

We used immunodeficient athymic mice to study
the effect of SkQ1 on RD tumour growth in xeno-
graft model. Briefly, female D2 × J nude mice (the
age 6–8 weeks) were inoculated subcutaneously
with two distinct tumours (106 RD cells suspended
in 100 µl of PBS). Half of the experimental animals
received 250 nmol/kg of SkQ1 once every two
days, the substance was injected into the esopha-
gus via catheter.

The monitoring of tumour formation was
started at day 7–10 after injection and was per-
formed every 3 days with a digital caliper.
Xenograft volumes were calculated as (width)2

×(length) × 0.5. After 3 weeks of observation the
explanted tumours were isolated and analyzed.
The animal experimental protocols were approved
by the Committee for Ethics of Animal
Experimentation and the experiments were con-
ducted in accordance with the Guidelines for
Animal Experiments in Russian Blokhin Cancer
Research Center.

Statistical analysis

Results are presented indicating mean ± standard
error of themean of at least three independent experi-
ments. Intergroup differences were analyzed by the
Mann–Whitney U test or Student’s t-test when

applicable. Values of p < 0.001 (***), p < 0.01 (**),
and p < 0.05 (*) were considered as statistically
significant.
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